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We present a study of single-diffractiveW-boson production in pp collisions at
√
s =
14 TeV, pp→ Xpwith X including aW boson, with the CMS detector. We discuss the
feasibility of observing this process with an integrated effective luminosity for single
interactions of 100 pb−1.

11 Introduction
A substantial fraction of the total proton-proton cross section is due to diffractive reactions of
the type pp→ XY, where X, Y are either protons or low-mass states which may be a resonance
or a continuum state. In all cases, the energy of the outgoing protons or the states X, Y is
approximately equal to that of the incoming beam particles, to within a few per cent. The
two (groups of) final-state particles are well separated in phase space and have a large gap in
rapidity between them (“large rapidity gap”, LRG). Diffractive hadron-hadron scattering can
be described within Regge theory (see e.g. [1]). In this framework, diffraction is characterised
by the exchange of a specific trajectory, the “Pomeron”, which has the quantum numbers of the
vacuum and notably no colour (hence the LRG).
The effort to understand diffraction in QCD has received a great boost from the seminal studies
of diffractive pp¯ collisions with the UA8 experiment at CERN [2] and more recently from stud-
ies of diffractive events in ep collisions at HERA and pp¯ collisions at Fermilab (see e.g. [3–6] and
references therein). A key to this success are factorisation theorems for ep diffractive scattering,
which allow to express the cross section in terms of diffractive parton distribution functions
(PDFs) and generalised parton distributions. These functions can be extracted from measure-
ments and contain information about small-x partons that can only be obtained in diffractive
processes. To describe hard diffractive hadron-hadron collisions is more challenging since fac-
torisation is broken by rescattering between spectator partons. These rescattering effects, often
quantified in terms of the so-called “rapidity gap survival probability” [7], are of interest in
their own right because of their relation with multiple parton scattering.
In this paper, the single-diffractive (SD) reaction pp→ Xp is studied, in which X includes aW
boson (Fig. 1). TheW → µν decay mode is considered. This reaction is sensitive to the diffrac-
tive structure function of the proton, notably its quark component since W bosons originate
from quark fusion. It is also sensitive to the rapidity gap survival probability. This process has
been studied at the Tevatron, where the ratio of the yields for SD and inclusive W production
has been measured to be approximately 1% [8, 9]. Similar values have been obtained for other
hard diffractive processes, e.g. SD production of high-ET jets, heavy flavours, quarkonia (see
e.g. Chapter 1 of [5] for a summary). Theoretical expectations for LHC vary from a fraction of





Figure 1: Sketch of the single-diffractive reaction pp → Xp in which X includes a W boson.
The symbol IP indicates the exchange with the vacuum quantum numbers (Pomeron). The
large rapidity gap (LRG) is also shown.
The aim of this analysis is to demonstrate the feasibility of observing SD W production at
CMS given an integrated effective luminosity for single interactions of 100 pb−1; this effec-
tive luminosity will be lower than the integrated delivered luminosity. As an example, for an
instantaneous luminosity of 1032 cm−2s−1, β∗ = 2 m and 936 bunches, the ratio of the effec-
tive single-interaction luminosity and the delivered luminosity is approximately 50% (see e.g.
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Sect. 7.1.2 of [5]); here β∗ indicates the betatron value.
The CMS apparatus is described in detail elsewhere [14]. Two experimental scenarios are con-
sidered here. In the first, no forward detectors beyond the CMS forward calorimeter HF are
assumed. In this case the pseudo-rapidity coverage is limited to |η| < 5. In the second, addi-
tional coverage at −6.6 < η < −5.2 is assumed by means of the CASTOR calorimeter.
2 Monte Carlo Simulation
Single diffractive W production was simulated by using the POMWIG generator [10], version
v2.0 beta. POMWIG is a modified version of HERWIG [15] which can generate diffractive inter-
actions. All standard HERWIG hard subprocesses are available for Pomeron-proton, photon-
Pomeron and Pomeron-Pomeron collisions. For the diffractive PDFs and the Pomeron flux, the
result of the NLO H1 2006 fit B [16] was used. For the inclusive proton PDF, the CTEQ61 [17]
parameterisation was used. A rapidity gap survival probability of 0.05, as predicted in [18], is
assumed. The cross section, for theW → µνmode, is about 70 pb, leading to' 7000 events per
100 pb−1.
For non-diffractive W production, the PYTHIA generator was used [19]. The cross section, for
the W → µν mode, is about 22 nb (NLO). With the given numbers for the cross sections, the
ratio of diffractive to inclusive yields is 0.3%. For systematic studies, the ALPGEN [20] generator
with W plus jet production was used instead of PYTHIA. Background from non-diffractive
events (without W production) was studied with a sample of PYTHIA with lepton-enriched
QCD events.
Unless otherwise noted, all samples were processed through the full detector simulation, trig-
ger emulation, and reconstruction; they assume apparatus miscalibration/misalignment as ex-
pected after 10-100 pb−1 of data taking.
3 Event Selection and Observation of SDW Production
3.1 W → µν selection
The selection of the events with a candidateW decaying to µν is the same as that used in [21].
Events with a candidate muon in the pseudo-rapidity range |η| > 2.0 and transverse momen-
tum pT < 25 GeV were rejected, as were events with at least two muons with pT > 20 GeV.
Muon isolation was imposed by requiring ∑ pT < 3 GeV in a cone with ∆R < 0.3. The trans-
verse mass was required to be MT > 50 GeV. The contribution from top events containing
muons was reduced by rejecting events with more than 3 jets with ET > 40 GeV (selected
with a cone algorithm with radius of 0.5) and events with acoplanarity (ζ = pi − ∆φ) between
the muon and the direction associated to EmissT greater than 1 rad. Approximately 2,400 SD W
events and 600,000 non-diffractiveW events per 100 pb−1 are expected to pass these cuts.
3.2 Diffractive selection
The left panel of Fig. 2 shows the generated energy-weighted η distribution for stable particles
(excluding neutrinos) in diffractive and non-diffractive events, including the scattered proton;
all events were generated with the scattered proton at positive rapidities (the peak at η∼>10).
Diffractive events have, on average, lower multiplicity both in the central region and in the
hemisphere that contains the scattered proton, the so-called “gap side”, than non-diffractive
events. The right panel of Fig. 2 shows the multiplicity distribution in the central tracker after
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the W selection cuts, excluding the track corresponding to the µ candidate. The tracks used
have pT > 900 MeV. Diffractive events have a multiplicity distribution that peaks at zero,
unlike that of non-diffractive events.
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Figure 2: Left panel: Generated energy-weighted η distribution for stable particles (excluding
neutrinos) in diffractive (POMWIG, continuous line) and non-diffractive (PYTHIA, dashed line)
events. The HF coverage and that of the CASTOR calorimeter are also shown. The diffractive
events were generated with the gap side in the positive η hemisphere. The peak at η∼>10 is
due to the scattered proton. The area under the histograms is normalised to unity. Right panel:
Track multiplicity distribution in the central tracker after the W selection cuts for diffractive
(POMWIG, continuous line) and non-diffractive (PYTHIA, dashed line) events. The track cor-
responding to the µ candidate is excluded. The area under the histograms is normalised to
unity.
Diffractive event candidates were therefore selected on the basis of the different multiplicity
distribution in the central tracker, in the HF as well as in CASTOR. A similar approach was
used at the Tevatron [9, 22] and at HERA (see [16, 23] and references therein).
The gap side was selected as that with lower energy sum in the HF. This gave a probability of
incorrectly choosing the gap side of about 30%. A cut was then placed on the track multiplicity
in the central tracker. The plots shown in this paper were obtained with multiplicity cuts, for
|η| < 2, of Ntrack ≤ 1,≤ 5 and no cut at all. For the events passing this cut, multiplicity dis-
tributions in the HF and CASTOR calorimeters were studied, from which a diffractive sample
can be extracted. They are described in the following section.
3.3 Evidence for SDW Production
3.3.1 HF multiplicity
Figure 3 shows the HF tower multiplicity for the low-η (“central slice”, 2.9 < η < 4.0) and
high-η HF (“forward slice”, 4.0 < η < 5.2) regions for events with central tracker multiplicity
Ntrack ≤ 5 (similar figures for Ntrack ≤ 1 and no Ntrack cut are shown in the Appendix). In
the figure, the top left and top right plots show the distributions expected for the diffractiveW
events with generated gap in the positive and negative Z direction, respectively; they exhibit
a clear peak at zero multiplicity. Conversely, the non-diffractive W events have on average
higher multiplicities, as shown in the bottom left plot. Finally, the bottom right plot shows the
sum of the POMWIG and PYTHIA distributions – this is the type of distribution expected from
the data. The diffractive signal at low multiplicities is visible. The significance is highest when
the Ntrack cut is most strict.
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POMWIG + PYTHIA  5≤n tracks 
Figure 3: Low-η (“central slice”) vs high-η (“forward slice”) HF tower multiplicity distribu-
tions for events with track multiplicity in the central tracker Ntrack ≤ 5. Top left: POMWIG
events with gap generated in the positive Z direction. Top right: POMWIG events with gap
generated in the negative Z direction. Bottom left: PYTHIA events. Bottom right: Sum of the
PYTHIA and POMWIG distributions.
3.3.2 HF and CASTOR Multiplicity Distributions for the Gap Side
The HF tower multiplicity vs CASTOR φ sector multiplicity was studied for the gap side. Since
CASTOR will be installed at first on the negative side of the interaction point, only events with
the gap on that side (as determined with the procedure discussed above) were considered. The
CMS software chain available for this study did not include simulation/reconstruction code
for CASTOR; therefore, the multiplicity of generated hadrons with energy above a 10 GeV
threshold in each of the CASTOR azimuthal sectors was used.
Figure 4 shows plots analogous to those of Fig. 3 for the combination of HF and CASTOR (sim-
ilar figures for Ntrack ≤ 1 and no Ntrack cut are shown in the Appendix). The top plots show
the POMWIG distributions; the few events in the top left plot are those for which the gap-side
determination was incorrect. The signal to background ratio improves greatly with respect to
the HF only case. Here as well, the significance is highest for small central tracker multiplicity
cuts but still acceptable even when no cut is applied (see Appendix). The plots also indicate
that if only the CASTOR multiplicity is used, the diffractive signal is further enhanced. The
accepted events with zero multiplicity in both the HF and CASTOR, i.e. the events with a can-
didate rapidity gap extending over HF and CASTOR and Ntrack ≤ 5, typically have ξ∼<0.01, and
thus populate the region where Pomeron exchange is expected to dominate over sub-leading
exchanges. Here ξ indicates the fractional momentum loss of the proton. The ξ coverage for
different Ntrack cuts is similar and so is that of the HF only case.
3.4 Observation of SDW Production and Extraction of a Diffractive Sample
The two-dimensionalmultiplicity plots of Fig. 3 and 4 (as well as those of Figs. 9-10 and Figs. 11-
12 in the Appendix) provide evidence of SD W production. A simple way to isolate a sample
of diffractive events from these plots is to use the zero-multiplicity bins, where the diffractive
events cluster and the non-diffractive background is small.
The HF plus CASTOR condition yields the best signal to background ratio, with values rang-












































































































































POMWIG + PYTHIA  5≤n tracks 
Figure 4: HF tower multiplicity vs CASTOR sector multiplicity distribution for events with
track multiplicity in the central tracker Ntrack ≤ 5. Top left: POMWIG events with gap generated
in the positive Z direction (opposite side to CASTOR). Top right: POMWIG events with gap
generated in the negative Z direction (same side as CASTOR). Bottom left: PYTHIA events.
Bottom right: Sum of the PYTHIA and POMWIG distributions.
ing between 6 and 20, depending on the central tracker multiplicity cut. When an integrated
effective luminosity for single interactions of 100 pb−1 becomes available, SDW → µν produc-
tion can then be observed with O(100) signal events. Backgrounds other than non-diffractive
W production are discussed in the next section and appear to be under control. Table 1 sum-
marises the number of diffractive and non-diffractive events in the zero-multiplicity bins for
various selection cuts.
Table 1: Number of diffractive and non-diffractive W → µν events expected with (1) zero HF
multiplicity (NHF = 0), (2) zero HF and CASTOR multiplicity (NHF = 0, NCASTOR = 0), as a










1 210± 14 154± 12
5 365± 19 465± 22
no cut 419± 20 678± 26





1 78± 9 4± 2
5 130± 11 14± 4
no cut 151± 12 23± 5
The analysis and expected yields are similar to those reported by the D0 Collaboration [9]
which observed SDW production at the Tevatron by studying the multiplicity distributions of
calorimeter towers (3.0 < |η| < 5.1) and luminosity counter hits (2.3 < |η| < 4.3). D0 found
a signal of about 100 events using a sample with an integrated single-interaction luminosity of
85 pb−1. With the same sample they also determined the ratio of SD to inclusiveW yields.
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3.5 Backgrounds
A potentially dangerous background in the analysis of both inclusive and diffractive W pro-
duction consists of QCD events with muons from hadron decays, notably those containing a
b quark, or tracks misidentified as muons. However, these muon candidates are usually asso-
ciated to jets and are largely suppressed using isolation algorithms. In order to quantify the
effect of this background, the analysis presented here has been repeated on a PYTHIA sample
with lepton-enriched QCD events. The effect is to increase the number of events in the low-
multiplicity region by less than 1% of the SD yield.
Two sources of background are specific to diffractiveW production:
1. non-diffractive W events misidentified as diffractive. This background has been exten-
sively discussed in the previous sections, where we showed that it can be kept under
control;
2. SDW production with proton-dissociation, pp → XN, where X contains aW boson and
N is a low-mass state into which the proton has diffractively dissociated. Dissociative
events in which N escapes undetected in the forward region cannot be distinguished
from the signal events. A study of proton-dissociation has been carried out in [24]: about
50% of the proton-dissociative background can be rejected by vetoing events with activity
in the CMS Zero Degree Calorimeter (ZDC). The study also concluded that only about
10% of the dissociative events have activity in CASTOR and not in the ZDC; since the
dissociative cross section is of the same order as the non-dissociative cross section, this
result indicates that the CASTORmultiplicity distributions are affected at most at the 10%
level by the dissocitive contribution.
Since the dissociative process is also diffractive, the effect of the dissociative events that
cannot be tagged is to enhance the diffractive signal in the zero multiplicity bin of Fig. 4
(and Figs. 11-12 in the Appendix) by about 30%.
3.6 Systematic studies
In view of assessing the feasibility of observing SD W production, the following systematic
effects have been considered.
• Model dependence.
• Most theoretical models give a rapidity gap survival probability close to
that assumed here of 5%. However, this quantity will eventually be de-
termined from data. The diffractive cross section is directly proportional
to this probability, which is, to first approximation, independent of kine-
matics. A different probability thus translates directly into a number of
diffractive events rescaled by the new value of the probability. The non-
diffractive background remains unchanged. A survival probability much
smaller than that assumed here may preclude the observation of the sig-
nal.
• The sensitivity to the simulation of the underlying event in the non-dif-
fractive sample was studied both by changing from tune DWT (the de-
fault in PYTHIA) to tuneA, and by using ALPGEN instead of PYTHIA. In the
low-multiplicity region, the number of non-diffractive events is enhanced
by up to a factor five, leading to a decrease of the signal-to-background
7ratio by the same amount. Particularly in the HF+CASTOR case, this does
not preclude the observation of SDW production.
• The uncertainties related to theW selection and reconstruction are the same for the
diffractive and non-diffractive events, notably the uncertainties on the muon selec-
tion efficiency, as well as those related to theW reconstruction.
The effects of the muon momentum scale uncertainty and of detector misalignment
were specifically studied in [21], where it was shown that they have a negligible
effect on the acceptance.
4 Summary and Outlook
A procedure has been discussed to arrive at the observation of single diffractive W → µν
production with an integrated effective luminosity for single interactions of 100 pb−1. The
procedure is based on the detection of large rapidity gaps in the final state of the event using
HF and CASTOR, complemented by the multiplicity information from the central tracker.
Assuming a rapidity gap survival probability of 0.05, O(100) reconstructed signal events are
expected with a signal-to-background ratio of up to 20 if the CASTOR calorimeter is available.
If CASTOR is not available, the HF information alone may be sufficient. Further improvements
are possible if the detectors of the TOTEM experiment [25] can be used, notably the T2 tracker
and the roman pot detectors.
Observation of single diffractiveW production is an important ingredient in establishing hard
diffraction at the LHC. Once the signal is observed, the ratio of the single-diffractive to inclusive
W yields can be measured. This ratio is experimentally robust and gives access to the rapidity
gap survival probability which is relevant in itself but also because of its relation to multi-
parton interactions. The ratio is also sensitive to the quark component of the diffractive PDFs
of the proton in a region where they have not yet been measured.
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9A Additional Material
A.1 Monte Carlo Simulation
Figure 5 shows the generated ξ spectrum for SDW production. Events were generated over the
kinematic range 10−6 < ξ < 0.2 and 10−6 < |t| < 4 GeV−2. Here ξ is the fractional momentum
loss of the scattered proton and t is the four-momentum transfer squared at the proton vertex.
 generatedξ













Figure 5: Generated ξ distribution in POMWIG for SDW production.
A.2 Event Selection
InclusiveW production events were selected first. Events with a diffractive signature were then
searched for. TheW selection is identical to that developed for inclusiveW production [21].
Figure 6 shows the distribution of the muon pseudorapidity, η, of the muon transverse mo-
mentum, pT, and of the transverse mass, MT, for the highest-pT muon in the event, for all
reconstructed events before the W selection cuts but after the high level trigger (HLT). The
transverse mass is the invariant transverse mass of the system formed by the muon and the
missing transverse energy in the event. The η distribution of the non-diffractive sample is flat-
ter than that of the diffractive events; the pT and MT distributions are more sharply peaked for
the diffractive than for the non-diffractive case.
A.2.1 Gap-side selection
Figure 7 shows the probability, αws, of incorrectly choosing the gap side in a diffractive event.
For HF thresholds between 4 and 5 GeV, as used in the present analysis, this probability is
about 30%.
A.3 Evidence for SDW Production
A.3.1 HF multiplicity
Figure 8 shows the HF multiplicity distributions for diffractive and non-diffractive events for
different central trackermultiplicity cuts. Even for low central trackermultiplicities, the diffrac-
tive signal is difficult to see.
Figures 9-10 are the analogue of Fig. 3 but for events with central tracker multiplicity Ntrack ≤ 1
and no cut on Ntrack, respectively. The signal is now visible, notably when a cut on Ntrack is
applied.
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Figure 6: Distributions of the muon pseudorapidity, η, of the muon transverse momentum,
pT, and of the transverse mass, MT, for the highest-pT muon in the event for the reconstructed
POMWIG (continuous black lines) and PYTHIA (dashed red lines) samples before cuts. The area
under the histograms is normalised to unity.
A.3.2 HF and CASTOR Multiplicity Distributions for the Gap Side
Figures 11-12 are the analogue of Fig. 4 but for events with central tracker multiplicity Ntrack ≤
1 and no cut on Ntrack, respectively.




























CMS preliminaryνµ→POMWIG SD W
Figure 7: Probability αws that the gap side in a diffractive event is chosen incorrectly, as ob-
tained with POMWIG.
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no track multiplicity cut
Figure 8: Top left: HF tower multiplicity for events with track multiplicity in the central
tracker Ntrack ≤ 1 and no condition in the forward region; the POMWIG contribution is shown
as the dotted histogram (blue), PYTHIA as the dashed histogram (red) and their sum as the
continuous-line histogram (black). The vertical bars indicate the statistical uncertainties. Top
right: same as top left, but Ntrack ≤ 5. Bottom: same as top, but no cut on Ntrack.
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POMWIG + PYTHIA no track multiplicity cut
Figure 10: Same as Fig. 3 but no cut on track multiplicity in the central tracker.
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POMWIG + PYTHIA no track multiplicity cut
Figure 12: Same as Fig. 4 but no cut on track multiplicity in the central tracker.
